Abstract. Both cellular motility and intracellular particle movement are compared between normal Dictyostelium amebae of strain AX4 and amebae of a myosin II heavy chain null mutant, HS2215, using the computer assisted "Dynamic Morphology System" In AX4 cells rapidly translocating in buffer, cytoplasmic expansion is apical and the majority of intracellular particles move anteriorly, towards the site of expansion. When these cells are pulsed with 10 -6 M cAMP, the peak concentration of the natural cAMP wave, cells stop translocating and average particle velocity decreases threefold within 2-4 s after cAMP addition. After 8 s, there is a partial rebound both in cytoplasmic expansion and particle velocity, but in both cases, original apical polarity is lost. In HS2215 cells in buffer, both cellular translocation and average particle velocity are already at the depressed levels observed in normal cells immediately after cAMP addition, and no anterior bias is observed in either the direction of cytoplasmic expansion or the direction of particle movement. The addition of cAMP to myosin-minus cells results in no additional effect. The results demonstrate that myosin II is necessary for (a) the rapid rate of intracellular particle movement, (b) the biased anterior directionality of particle movement, and (c) the rapid inhibition of particle movement by cAMP.
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ECENTLY, the function of myosin II was investigated in Dictyostelium discoideum by generating cells deficient in myosin II heavy chain either by antisense RNA inactivation (Knecht and Loomis, 1987) or by disruption of the myosin heavy chain gene through homologous recombination (De Lozanne and Spudich, 1987) . The phenotypes of the two myosin-deficient cell lines were similarly defective. Myosin-deficient cells exhibited defective cytokinesis, but were capable of cell movement, phagocytosis, and chemotactic behavior (De Lozarme and Spudich, 1987; Knecht and Loomis, 1987; Peters et al., 1988; Wessels et al., 1988) . Although myosin-deficient cells were capable of movement, the manner in which they translocated was aberrant . Myosin-deficient cells moved at rates of translocation less than half that of normal cells. They were rounder and less polar, forming expansion zones randomly around the cell perimeter rather than in a polarized fashion in an apical zone. Finally, the speed and shape of expansion zones formed by the myosin-deficient strains differed from those formed in the anterior region of rapidly translocating normal cells. These results, in combination with experiments demonstrating that antibodies to myosin II injected into Acanthamoeba slow but do not stop locomotion (Sinard and Pollard, 1989) , suggested that myosin II was indeed necessary for normal amebic motility.
Myosin II has been demonstrated to be present in the cortex of the posterior two-thirds of aggregation-competent Dictyostelium amebae flattened by agarose overlays, but at either negligible or very low levels in anterior pseudopodial regions (Fukui and Yumura, 1986) . This localization pattern has been interpreted to suggest that a myosin-based mechanism is involved in posterior cortical contraction in ameboid movement (Fukui and Yumura, 1986; Spudich, 1989) . In addition, myosin II has been demonstrated by electron microscopic localization with IgG-gold conjugates to be associated with small cytoplasmic vesicles in Dictyostelium Ogihara et al., 1988) , suggesting an additional role in intracellular organelle movement. By using DIC optics, the computer-assisted "Dynamic Morphology System" (DMS)' (Soil, 1988; Soil et al., 1987 Soil et al., , 1988 , and a new system for analyzing intracellular particle motility (Wessels et al., 1989) , we have examined both cellular and intracellular particle movement before and after the addition of cAMP in normal D. discoideum AX4 amebae and in amebae of a myosin heavy chain null mutant, HS2215 (formerly rnhcA-/A5), derived from strain AX4 (Manstein et al., 1989 ). The results demonstrate that myosin II is necessary for (a) rapid and apically directed intracellular particle movement, (b) rapid, polarized cellular translocation, and (c) rapid inhibition of particle movement by cAMP. mutant HS2215 (Manstein et al., 1989) were stored at -700C. Both parent and mutant strains were generous gifts from Dr. J. Spudich, Stanford University, CA. Cell growth was initiated in 15-cm petri dishes containing 20 mi of the nutrient medium HL5 (Cocucci and Sussman, 1970) plus 10 tzg/mi of (3418 according to the methods of De Lozanne and .
Generating Aggregation-competent Amebae
Development was initiated according to methods previously described (Soil, 1987; Wessels et al., 1988) . In brief, cells in the midlog phase of growth were washed free of nutrient medium and dispersed on development pads saturated with buffered salt solution. Cultures were incubated at 22°C in a humidity chamber. Cells were harvested for experimental purposes at the onset of aggregation, when, in the case of normal cells, they have been demonstrated to exhibit maximum motility and responsiveness to cAMP (Varnum and Soll, 1984) . In the case of AX4 cells, the onset of aggregation was 7 h, and in the case of HS2215 cells, it was 9 h.
Monitoring Cellular Behavior and Intracellular

Particle Movement
The methods for harvesting cells, inoculating cells into a perfusion chamber, and treating with cAMP were identical to those described in a preceding publication (Wessels et al., 1989) . In brief, 0.3 ml of cells at a density of 3 x 104 per rnl was inoculated into a Dvorak-Stotler chamber (Nicholson Precision Instruments Inc., Gaithersburg, MD). The chamber was placed on the stage of a Zeiss ICM405 inverted microscope equipped with DIC optics. The chamber was perfused with buffered salts solution so that the chamber fluid was replaced every 7.7 s. After perfusion with buffered salts solution, cells were perfused with the same solution containing 10 -6 M cAMP. The time at which cAMP first entered the chamber region containing the cell being monitored was estimated with a certainty of + 1 s, and the time it took to achieve maximum cAMP concentration was 8 s (Wessels et al., 1989) .
Cellular behavior was recorded on 3/4-in tape with a Sony U-Matic VO-5800 and analyzed either qualitatively by simply examining cellular and intracellular particle behavior on a monitor screen, or quantitatively with the DMS according to methods previously described (Soll, 1988; Soll et al., 1987 Soll et al., , 1988 . In the DMS system, the x,y coordinates of the pixels at the edge of selected cells were digitally recorded as frequently as every frame, and used to calculate centroid positions. "Instantaneous velocity" of centroid translocation was calculated for a cell in a given frame (n) by drawing a vector from the centroid in the previous frame (n -1) to the centroid in the subsequent frame (n + 1), and the length of the vector divided by 2At, where At is the time interval between frames. Difference pictures were produced by superimposing cell outlines of consecutive frames with 4-s intervals. Areas of expansion were filled, areas of contraction were hatched, and areas in common were left unfilled.
Intracellular particle movement was analyzed in the same cells analyzed for whole cell behavior. The methods were those described in a previous publication (Wessels et al., 1989) . Particle positions were entered into the Dynamic Morphology System using the SVUI Manual Digitizer (SVUI, Iowa City, Iowa) with a program compensating for distortion. Particle positions were recorded every 0.5 s. Instantaneous particle velocity was calculated in the same manner as instantaneous centroid velocity. The mean direction vector for each particle was computed to be
where Vi is the central difference velocity vector for the particle at frame i and VI -~" (X2 -Xh Y2 --yl)/~t, Vi = (xi + I -Xi -I, yi + I -yi -O/2At where 1 < i < n, and Vn = (xn -xn-I,Y~ -Y,-0/At. In this case, n is the total number of frames, (xi, yi) is the position of the particle at frame i and At is the time interval between frames, in this case 0.5 s. To graphically illustrate particle directionality in relation to the direction of cellular translocation, the average direction of the particle (0-180 °) was defined as the angle between V and the vector representing the average direction of centroid translocation during the 10-s period before cAMP addition. For example, if V was exactly in the direction of average cemroid translocation, the average direction of the vesicle would be 0 °. If V was directly opposite the direction of average centroid translocation, the average direction of the vesicle would be 180 ° .
Analysis of Particle Direction
The standard deviation of vector direction (SD) was computed as follows: each vector in a standard x~v Cartesian coordinate system, (xi, Yi) (i = 1, .... n) was converted to its unit vector (~i, Yi) by the formulas:
Then, the mean and standard deviations were computed for. ~i and Yi separately to give means m~, rn~ and standard deviations S~, $9. The SD value was then calculated by the formula
The SD value is invariant under rotation, and 0 < SD < 1. Computer simulations with 10-10,000,000 random vectors gave SDs >~ 0.95.
Randomness of vector direction was also evaluated by a chi square test. It was assumed that if a particle can move in any direction, the probability that a particle's mean direction (V) could be anywhere in the range of 0-360 degrees was uniform. For each cell in which N particles were evaluated, we divided a circle into equal-sized sectors described by 360/N degrees each. The number of particles in each sector was counted and the chi-square statistic calculated by the following formula:
where N was the number of sectors for a given cell, Oi the number of particles observed in the ith sector, and Ei the expected number of particles in the i th sector. A null hypothesis of no significant deviation from randomness was accepted if the test statistic (with N -1 degrees of freedom) did not exceed tabulated values at the P = 0.05 level of certainty.
Electron Microscopy
Amebae were fixed in glutaraldehyde and formaldehyde, postfixed with osmium tetroxide, and stained with uranyl acetate and lead citrate by standard methods (Hayat, 1989) , Embedded samples were sectioned with a Reichert Ultracut E ultramicrotome and examined in a Zeiss EM10A electron microscope.
Results
Cellular Motility and Shape
Although cellular velocity, morphometric changes, and intracellular particle movement before and immediately after cAMP addition were characterized in detail in a preceding study of D. discoideum strain AX3 (Wessels et al., 1989) , the analysis had to be repeated on D. discoideum strain AX4, the parent strain of the myosin II heavy chain null mutant HS2215, since it was previously demonstrated that normal AX4 cells translocated at half the velocity of AX3 cells . 30 aggregation-competent amebae of strain AX4 (W.T.) were examined. 25 of the 30 amebae were elongate, moved in a relatively polar fashion, and formed pseudopodia predominantly at the anterior end when perfused with buffer ( Fig. 1, A-D) . 5 of the 30 amebae did not actively translocate during the period of analysis. Expansion zones, computer generated in difference pictures (see Materials and Methods), formed predominantly at the leading end of each of 5 motile cells analyzed quantitatively with DMS ( Fig. 2 , W.T., A-E). When pulsed with 10 -6 M cAMP, cellular translocation was suppressed within seconds in the 25 translocating amebae. In the representative centroid track in Fig. 3 A, persistent cellular translocation was evident before cAMP addition (-20-0 s), but was lost 2-4 s after cAMP addition. The shape of each of the five DMS-analyzed AX4 amebae remained relatively fixed between 0 and 8 s after (A-D) and myosin 1I null mutant HS2215 amebae (E-H) . Cells from developmental cultures at the onset of aggregation (7 h for W.T. and 9 h for HS2215) were inoculated into a Dvorak-Stotler chamber and perfused with buffered solution. Note the elongate shapes of W.T. cells and the rounder shapes of HS2215 cells. Note also the difference in the shapes of particle free pseudopodia (ps) in the two strains. Arrows point to the types of intracellular particles analyzed.
WT. HS2215
(25 A) that centroid movement after the addition of cAMP appeared random and due to slight shape changes rather than to persistent, directional cellular translocation. The average rate of centroid translocation before cAMP addition for AX4 cells was roughly half that observed for the more rapidly translocating AX3 cells (Wessels et al., , 1989 . However, the rapid decrease in velocity within 2 s after cAMP addition, the relative freeze in cell shape and expansion activity irranediately after cAMP addition, the loss of anterior bias for pseudopod formation after 10 s in 10 -~ M cAMP, and the average centroid velocity following cAMP addition were similar in AX4 and AX3 amebae (Wessels et al., 1989) . We previously reported that aggregation-competent amebae of the myosin-deficient strains HMM (now called HS2200) and ~ were less elongate, translocated at a far lower rate, and, when examined in difference picture, exhibited far less apical polarity than W.T. cells . These characteristics were also true for 30 HS2215 cells analyzed in a similar manner. HS2215 cells perfused with buffer were, on average, rounder than wild-type cells (Fig. 1, E-H) and expansion zones at the perimeter of 5 DMS-anaiyzed amebae were less extensive and formed in a spatially random, or nonpolar, fashion (difference pictures of a representative cell in buffer are presented in Fig. 2 , HS2215, A-E). The lack of polarity was also evident in centroid tracks. HS2215 tracks contained few persistent runs, and changes in centroid position appeared to be due to changes in shape rather than to persistent cellular translocation (see representative track in Fig. 3 B) . When HS2215 cells were pulsed with 10 -~ M cAMP, no apparent change was evident in the shape or behavior of the 30 cells analyzed qualitatively. In addition, no change was evident in the pattern of the expansion zones (Fig. 2, HS2215, F-L) , the already round shape (Fig. 2, HS2215, F-L) , or the centroid translocation tracks (Fig. 3 B) of the five DMS-analyzed amebae. The already depressed velocity of centroid translocation was relatively unaffected by addition of 10 -6 M cAMP. Before the addition of cAMP (-10-0 s), the mean velocity of the five DMS-analyzed HS2215 ceils was 0.11 #m/s A W.T. The time at which cAMP first entered the chamber in both cases is noted by an arrow at 0S. The accuracy of this time point was estimated to be +1 s (Wessels et al., 1989) . The centroid translocation tracks between -20S and 0S are for the period before cAMP addition, and the tracks between 0S and +60S, for W.T., and 0S and +30S, for HS2215, are for the periods after cAMP addition. It should be noted that the addition of cAMP to W.T. suppressed subsequent cellular translocation, while cellular translocation was suppressed before and after cAMP addition in the case of HS2215.
(+ SD 0.05); immediately after addition (0 to + 8 s), the mean velocity was 0.09/xm/s (+ SD 0.03); and between +8 and +18 s, the mean velocity was 0,10 #m/s (+ SD 0.03).
lntraceUular Particle Velocity
Intracellular particles were visualized with DIC optics (Fig.   1 , A-H), videorecorded onto 3/4-in tape, and analyzed for velocity and directionality using the SVUI manual digitizing system for DMS (Wessels et al., 1989) . When measured in DIC video images (Fig. 1, A-D) , particle diameters ranged between roughly 0.4 and 1.0 ~m. Although the nature of each particle in living cells was not determined at the time of analysis, transmission electron micrographs provided information on the composition of intracellular particles (Fig.  4, A and B) . TEM profiles of intracellular particles in the size range of DIC-visualized particles consisted of approximately half mitochondria and half vesicles in both AX4 and HS2215 cells. The majority of vesicles in this size range in turn contained smaller vesicles or wrapped membranes. These vesicles could not represent food vacuoles with decomposing bacteria since all cells in this study were grown for 2-3 wk in axenic medium and developed to aggregation Nuc, nucleus; m, mitochondria; mo, microtubule-organizing body; a, membranebound vesicles in turn containing smaller membrane bound vesicles or wrapped membranes; b, membrane-bound vesicles containing electron-dense material; c, small membrane bound vesicles containing electron translucent material.
competency in normutrient medium under rigidly sterile conditions (Soil, 1987) . Small, sometimes tubular vesicles with diameter below 0.3 #m localized in clusters were below the resolution of the optics used in this study. Particles moved in and out of the plane of focus for varying lengths of time during the period each cell was videorecorded, and instantaneous velocities (see Materials and Methods for definition) were therefore calculated at 0.5-s intervals during the period of time a particle was in view. All analyzed particles were in view for a minimum of 4 s, and •20 particles were monitored per cell. In Fig. 5 , A-C, the instantaneous velocities of individual particles are plotted for three AX4 cells that were actively translocating before the addition of cAMP, and the combined data for the roughly 60 particles analyzed in the three cells are coplotted in D. Instantaneous velocities were averaged for each time point and plotted in the lower section of panels for the 3 individual cells (Fig. 5, A-C) as well as for the coplotted data (D). When AX4 cells were perfused with buffered salts solution (-10 to 0 s), there was a broad distribution of particle velocities, from 0 to 3 #m/second. The mean velocity was 0.71 #m/s (+ SD 0.07), exactly half the mean velocity of particles in polarized cells of the more rapidly translocating strain AX3 (Wessels et al., 1989) . When AX4 cells were pulsed with 10-6 M cAMP, there was an abrupt reduction of average particle velocity within 2 s after cAMP first entered the chamber, and a concomitant increase in the proportion of particles exhibiting no detectable movement (0 #m/s) (Fig. 5, A-C) . This was true for each of the three cells in Fig. 5 and the same dynamics were apparent in each of the 22 additional cells analyzed qualitatively. Approximately 8 s after cAMP first entered the chamber and coinciding with the time cAMP achieved maximum concentration, there was an incomplete rebound in the average velocity of particles. This is best observed in Fig. 6 (filled circles) in which the averaged combined data for the three cells in the lower portion of Fig. 5 D are smoothed five times using a Tukey window of size 5 with weights of 5, 20, 50, 20, and 5% (Tukey, 1977) . In the smoothed plot, there are indications of oscillations with peaks at 11, 16, and 24 s. Although the average velocity of particle movement in AX4 cells before cAMP addition was roughly half that of AX3 cells (Wessels et al., 1989) , the average velocity between 0 and 8 s after cAMP addition was identical in the two strains (Wessels et al., 1989 ).
In Fig. 7 , A-C, the instantaneous velocities of individual particles are plotted for each of 3 HS2215 cells, and the combined data for ,~60 particles analyzed in the three cells are coplotted in D. When compared with AX4 cells in buffer (-10 to 0 s), the distribution of particle velocities for HS2215 cells perfused with buffer was depressed, with far more particles exhibiting no measurable velocity. In contrast to the mean particle velocity of 0.71 #m/s (-F SD 0.07) for AX4 cells, the mean particle velocity for HS2215 cells was 0.25 #m/s (+ SD 0.04), roughly the same mean velocity of AX4 particles (and AX3 particles; Wessels et al., 1989) immediately after the addition of cAMP (Fig. 5 D) . When HS2215 cells were pulsed with 10 -6 M cAMP, there was no obvious change in the distribution of particle velocities for the three cells in Fig. 7 nor in the behavior of particles in the 22 additional cells examined qualitatively. Immediately after the addition of cAMP (0-8 s), the mean particle velocity for the combined data of the three cells in Fig. 7 was 0.24 /~m/s (+ SD 0.05), very close to 0.25 #m/s, the mean velocity before cAMP addition (Fig. 7 D) . When the averaged combined data (lower portion of Fig. 7 D) were smoothed, it was apparent that average particle velocity in HS2215 cells before as well as after cAMP addition was at the low level observed in AX4 cells immediately after cAMP addition ( Fig. 6) . Therefore, in contrast to AX4 cells, cAMP had no measurable effect on the already depressed average velocity of particles in HS2215 cells.
Directionality of Particle Movement
In AX3 cells perfused with buffered salts solution, the majority of rapidly moving intracellular particles exhibited a strong directional bias toward the anterior pseudopod of a translocating cell (Wessels et al., 1989) . In Fig. 8, the The standard deviation of vector direction (SD), and the P value for randomness by the chi square test were calculated as described in Materials and Methods. The lower threshold for randomness was a standard deviation of 0.95, and, for the chi square test, a P value of 0.05. A P value of 0.05 or greater was considered not significant (NS). Note that the one AX4 cell (cell E) exhibiting a SD close to 0.95 and a P value of 0.05 or greater was turning during the analysis (see E in Fig. 8 ).
tion of cAMP, the majority of particles in the 5 AX4 cells moved rapidly, and, in most cases, in the general direction of cellular translocation (Fig. 8, A-D) . Of the 62 particles monitored within -10 to 0 s in the five cells, 52 (84%) were directed anteriorly, while 10 (16%) were directed posteriorly. The cell in Fig. 8 E made a wide turn (note the extent of the arc between -lOs and ls), but even in this case, 11
of the 14 panicles moved towards the edge of the anterior hemisphere of the cell. Between +8 and +18 s after the addition of 10 -6 M cAMP, rebounding particles in all five ceils exhibited prolonged tracks, but they no longer exhibited the strong directional bias towards the original anterior end of the cell. Of the 38 particles monitored between +8 and +18 s in the five cells, 21 (55%) moved in the original anterior direction and 17 (45%) moved in the posterior direction. These results demonstrate that after addition of cAMP to rapidly translocating AX4 cells, panicle movement loses the original anterior bias. Similar particle behavior was observed in 20 additional translocating AX4 amebae examined qualitatively, and was previously reported for AX3 amebae (Wessels et al., 1989) . In Fig. 9 , vector plots are presented for particles in 4 HS2215 cells between -10 and 0 s preceding cAMP addition (vector plots a), and between +8 and +18 s after cAMP addition (vector plots b). Although translocation of the 4 HS2215 cells exhibited no persistent directionality, as in the case of AX4 cells, 0 ° to the left of each panel represents the average direction of cellular (centroid) translocation between -10 and -1 s before cAMP addition, and a vertical dashed line is drawn at 90 ° to demarcate anterior and posterior directions. Before cAMP addition, particles appeared to exhibit no strong directional bias. Of the 43 panicles monitored within -10 and 0 s in the four cells, 20 (47 %) moved anteriorly and 23 (53 %) moved posteriorly. After cAMP addition, panicles continued to exhibit the same absence of a preferred direction. Of the 38 panicles monitored within +8 and +18 s in the 4 cells, 16 (42%) moved "anteriorly" and 22 (58 %) moved "posteriorly: Since anterior (0 °) in the case of HS2215 cells is basically arbitrary, we also compared arbitrary right-and left-directed particles for possible bias. Before cAMP addition, 52 % were directed to the right and 48 % to the left; after cAMP addition, 53% were directed to the right and 47 % to the left. Apparently random particle direction before and after cAMP addition was observed in 26 additional HS2215 examined qualitatively.
To assess more rigorously the degree of randomness of particle paths in each cell, we measured the standard deviation (SD) of particle vector direction (see Materials and Methods). An SD of 0.0 represents a single direction for all particle vectors, and an SD of 1.0 represents a uniformly random distribution in a single cell. Computer simulations of up to 10 ~ vectors with random direction resulted in a lower threshold SD of 0.95 for randomness (see Materials and Methods). The SD of vector directions for the five AX4 ceils in Fig. 8 and for the four HS2215 cells in Fig. 9 are presented in Table I . Before the addition of cAMP (-10 to 0 s), four of the five AX4 cells exhibited relatively low SD Values ranging from 0.27 to 0.87. The one AX4 cell exhibiting a relatively high SD of 0.93 (cell E in Fig. 8 ) was turning at the time of analysis. The mean SD for the five AX4 ceils before cAMP addition was 0.68. During the rebound period after cAMP addition (+8 to +18 s), the SD values for all of the five cells were t>0.95, and the mean SD was 0.97. The SD values of particle vector directions for the four HS2215 before cAMP addition (-10 to 0 s) were 0.97, and averaged 0.98. After the addition of cAMP (+8 to +18 s), the SD values ranged between 0.93 and 1.00 with a mean of 0.97. Therefore, vector directions were assessed as nonrandom by this method only in four of the five AX4 cells before cAMP addition.
We also evaluated randomness by applying a chi square test. We divided the encompassing area in which particles moved in equally sized sectors described by an arc of 360°/N, where N was the number of panicles (see Materials and Methods). A null hypothesis of no significant deviation from randomness was accepted if the test statistic (with N -1 degrees of freedom) did not exceed tabulated values at the P = 0.05 level of certainty. Before cAMP addition, four of the five AX4 cells exhibited a P value <0.05. After cAMP addition, only one of the five AX4 cells exhibited a P value <0.05. None of the HS2215 cells exhibited a P value <0.05. Again, this analysis supports the conclusion that particle direction is nonrandom only in AX4 amebae rapidly translocating in buffer.
Discussion
Myosin II has been demonstrated by indirect immunofluorescence to be localized in the posterior two-thirds of motile Dictyostelium amebae (Yumura and Fukui, 1985) . This localization is consistent with previous suggestions that myosin-based contraction in the posterior portion of a translocating cell supplies the active force for anterior pseudopod expansion (Taylor and Fechheimer, 1982; Fukui and Yumura, 1986; Spudich, 1989) . It was therefore surprising to discover that when myosin II was selectively removed from Dictyostelium by either insertional mutagenesis in the case of the recombinant HMM (De Lozanne and Spudich, 1987) or by transformation with an antisense construct in the case of strain mhcA (Knecht and Loomis, 1987) , the amebae were still able to translocate (De Lozanne and Spudich, 1987; Knecht and Loomis, 1987) , form F-actin-filled pseudopodia , exhibit a chemotactic response (Peters et al., 1988; Wessels et al., 1988) , rapidly accumulate actin in the Triton-insoluble cytoskeletai fraction after cAMP stimulation (Peters et al., 1988) , and accumulate cGMP and cAMP in response to cAMP stimulation (Peters et al., 1988) . However, when the motile behaviors of these myosin IIdeficient strains were analyzed in detail with the computerassisted Dynamic Morphology System (Soil, 1988; Soll et al., 1988) , it was discovered that the rate of cellular translocation, pseudopod formation, anterior polarity, and morphology were aberrant .
Here, we have examined the role of myosin II in intracellular particle behavior. Using videorecordings of DIC images, intracellular particles were tracked in 30 AX4 and 30 HS2215 amebae and analyzed either qualitatively, or quantitatively with a newly developed manual digitizing system for DMS (Wessels et al., 1989) . Although the identity of each particle analyzed from DIC images was not known, electron micrographs indicated that within the size range of DIC-anaiyzed particles (0.4-1.0 #m diameters), there were roughly the same proportions of membrane-bound vesicles and mitochondria in cells of both the normal parent strain AX4 and the myosin II null mutant HS2215 (Manstein et al., 1989) . The DIC-analyzed particles did not include small, usually clustered vesicles with diameters of <0.3/zm.
HS2215 amebae exhibit abnormal intracellular particle behavior. The average velocity of intracellular particles in HS2215 amebae perfused with buffer was approximately one-third that in AX4 amebae. In addition, there were far more immobile particles and far fewer particles with velocities >1.0 #m/s. Depressed particle velocity in HS2215 amebae perfused with buffer was similar to that observed in parent AX4 cells (and AX3 cells; Wessels et al., 1989) immediately after the addition of 10 -6 M cAMP, suggesting that rapid saltatory particle movement, which is depressed by the addition of cAMP, requires myosin II. This conclusion is supported by the observation that the addition of 10 -6 M cAMP had no further effect on the already depressed behavior of intracellular particles in HS2215 cells.
In addition to a depression in particle velocity and the absence of a cAMP effect, the absence of myosin II resulted in the loss of the anterior bias observed in the paths of particles in AX4 cells. Tracks of particles in HS2215 cells exhibited no preferred direction when examined qualitatively and quantitatively, and this correlated with the absence of directional bias in pseudopod expansion. It is tempting to suggest from these results that directed vesicle movement towards the anterior of a translocating cell is involved in membrane insertion for the anteriorly expanding pseudopod (Singer and Kupfer, 1986) , and that this process is dependent upon myosin II. However, it is not clear whether (a) the absence of directional bias in particle movement in HS2215 cells results in a loss of directional bias in pseudopod expansion, (b) the absence of directional bias in pseudopod expansions results in the absence of bias in particle movement, or (c) both are parallel, independent effects due to the absence of myosin II.
The results presented here for strain HS2215 and in a previous study for strains HMM and ~ (Wessels et al., 1988) demonstrate that the absence of myosin II affects (a) cell shape, (b) the polarity and dynamics of pseudopodiai expansion, (c) cellular velocity, (d) intraceUular particle velocity, (e) intraceUular particle directionality, and (f) the rapid inhibition of intraceUular particle movement by 10 -~ M cAMP. It has been demonstrated that the addition of cAMP to cultures of suspended amebae causes rapid changes in the association of myosin II heavy chain and the Triton-insoluble cytoskeleton (Liu and Newell, 1988; Dharmwardhane et al., 1989) and the phosphorylation of myosin II heavy chain (Malchow et al., 1981; Berlot et al., 1987) , and the addition of cAMP to amebae overlayed with agarose results in changes in the localization of myosin H-containing rods in the endoplasm and cortex (Yumura and Fukui, 1985) . These changes are very likely related to the cAMP-stimulated changes in cell motility, cell shape, and polarity, and intracellular particle movement that we have demonstrated are present in normal AX4 amebae, but absent in amebae lacking myosin II heavy chain. However, our results do not demonstrate whether myosin II is directly involved in these cellular processes, or whether it plays a role indirectly by maintaining the general integrity of the cytoskeleton, a possibility suggested by Spudich in a recent review of myosin U function (Spudich, 1989) . What seems remarkable is that the removal of a single actin-based motor molecule can exert such a pleiotropic effect on so many cellular parameters related to the normal motile behavior of a chemotactically responsive ameba.
